Magnetotransport measurements on two-dimensional electrons confined to wide GaAs quantum wells reveal a remarkable evolution of the ground state at filling factor ν = 1/2 as we tilt the sample in the magnetic field. Starting with a compressible state at zero tilt angle, a strong ν = 1/2 fractional quantum Hall state appears at intermediate angles. At higher angles an insulating phase surrounds this state and eventually engulfs it at the highest angles. This evolution occurs because the parallel component of the field renders the charge distribution increasingly bilayer-like. [7] or in wide GaAs QWs [6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] where the repulsion between the electrons makes the charge distribution bilayer-like; it has also been reported very recently in 2D hole systems confined to relatively wide GaAs QWs [19, 20] , and in bilayer graphene [21] . Although the ν = 1/2 FQHE in wide QWs might also be a Pfaffian state [22] , it is more likely described by the Abelian, twocomponent, Halperin-Laughlin Ψ 331 wavefunction where the components are the two layers, or equivalently, the symmetric and antisymmetric electric subbands [23] [24] [25] [26] [27] [28] [29] [30] [31] . This state is stable when the interlayer tunneling, quantified by the symmetric-antisymmetric subband energy separation ∆ SAS , is much smaller than the intralayer Coulomb interaction energy, and the interlayer and intralayer Coulomb interaction energies are comparable.
The fractional quantum Hall effect (FQHE) is observed in clean two-dimensional electron systems (2DESs) under high perpendicular magnetic fields (B ⊥ ) [1] , usually at odd-denominator Landau level (LL) filling factors ν [2] . In the excited LL (N = 1), there is also a FQHE state at the even-denominator filling ν = 5/2 [3] ; this state is likely a Moore-Read (Pfaffian) [4] state and has potential use for topological quantum computing thanks to its non-Abelian statistics [5] . Even-denominator FQHE is also seen in the ground-state (N = 0) LL in systems with bilayer-like charge distributions at ν = 1/2 [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , ν = 3/2 [10] , and ν = 1/4 [15, 16] . The 1/2 FQHE is observed in either double GaAs electron quantum wells (QWs) [7] or in wide GaAs QWs [6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] where the repulsion between the electrons makes the charge distribution bilayer-like; it has also been reported very recently in 2D hole systems confined to relatively wide GaAs QWs [19, 20] , and in bilayer graphene [21] . Although the ν = 1/2 FQHE in wide QWs might also be a Pfaffian state [22] , it is more likely described by the Abelian, twocomponent, Halperin-Laughlin Ψ 331 wavefunction where the components are the two layers, or equivalently, the symmetric and antisymmetric electric subbands [23] [24] [25] [26] [27] [28] [29] [30] [31] . This state is stable when the interlayer tunneling, quantified by the symmetric-antisymmetric subband energy separation ∆ SAS , is much smaller than the intralayer Coulomb interaction energy, and the interlayer and intralayer Coulomb interaction energies are comparable.
In 2DESs confined to wide QWs at ν = 1/2, an evolution from a compressible to a FQHE, and finally to an insulating phase (IP) is observed as the density (n) is increased [11] . Increasing n causes ∆ SAS to decrease while the intralayer Coulomb energy increases, allowing the two-component ν = 1/2 FQHE to be stabilized, but this state is eventually destroyed by an IP when the system splits into two weakly-coupled layers at very high n. The role of a parallel magnetic field (B ), however, has not been systematically studied. An early study [6] indicated that the application of B causes the FQHE to get destroyed by an IP, but it has also been reported that B can strengthen a weak ν = 1/2 FQHE [13, 15] .
Here we report, for 2DESs confined to a wide GaAs QW, the full evolution of the ground state at ν = 1/2 through compressible, FQHE, and IP as we increase B while keeping n constant. This is similar to the evolution seen in a wide QW at B = 0 where raising n makes the system increasingly bilayer-like with reduced interlayer tunneling. We explain the similarity by showing that the large B also makes the 2DES bilayer-like and lowers the interlayer tunneling. Moreover, the ν = 1/2 FQHE we observe at high B can appear at much smaller interlayer distances compared to the B = 0 case because a large B leads to a smaller effective layer-thickness which results in a stronger intralayer Coulomb interaction.
We studied 2DESs confined to 60-and 65-nm-wide GaAs QWs grown by molecular beam epitaxy. The QWs are flanked by undoped AlGaAs spacer layers and Si δ-doped layers. The samples were 4 × 4 mm 2 , with In:Sn contacts at four corners, and each was fitted with a Ti/Au front-gate and an In back-gate, allowing us to make the charge distribution symmetric [9-14, 16, 32] and also vary the 2DES density n, which we give throughout this report in units of 10 11 cm −2 . We studied three samples with as-grown densities 0.45, 1.4, and 2.4. We made measurements in a dilution refrigerator with a base temperature T ≈ 30 mK, an 18 T superconducting magnet, and a tilting stage so that the sample normal could be tilted at an angle (θ) with respect to the magnetic field. Figure 1 shows a series of longitudinal (R xx ) and Hall (R xy ) resistance traces obtained at different θ for n = 1.4 in a 65-nm-wide QW. At θ = 0 there is no ν = 1/2 FQHE but at θ = 10
• a ν = 1/2 FQHE appears and becomes stronger as we further increase θ. The ν = 1/2 FQHE is also signaled by the quantization of R xy . At higher θ an IP appears at low ν and moves to higher ν with increasing θ. At θ = 35
• the IP starts just to the right of the ν = 1/2 FQHE and, at θ = 37
• , reentrant IPs flank a strong ν = 1/2 FQHE on both sides. At yet higher θ, the entire ν = 1/2 region is covered by the IP. In • at ν = 1/2, illustrating the increasing bilayerness of the charge distribution with tilt. Figure 2 shows data for three different samples. The traces in Fig. 2 (a), taken at a high density of 2.0 in a 65-nm-QW, show a strong ν = 1/2 FQHE at θ = 0, consistent with previous, density-dependent studies [18] . Tilting the sample causes the ν = 1/2 FQHE to disappear and turn into an IP for θ > 20
• . At n = 0.86 ( Fig.  2(b) ), qualitatively similar to Fig. 1 data, the ground state at ν = 1/2 is compressible at θ = 0, turns into a FQHE in a relatively small range of θ near 50
• , and then becomes insulating at larger θ. In the lowest density data, taken at n = 0.45 in a 60-nm-QW (Fig. 2(c) ), a developing ν = 1/2 FQHE is seen only in a very small range of θ near 70
• , and is replaced by an IP at higher θ. The evolution we observe as a function of increasing θ is qualitatively similar to the one seen at θ = 0 in a wide QW with a fixed width when n is increased [8-12, 14, 18] . The samples we study here in fact provide an example of such behavior. The bottom (θ = 0) traces in Figs. 2(a) and 2(b) show that the ground state at ν = 1/2 is compressible at low density but turns into a strong FQHE state as we increase n. The θ = 0 data at higher n (not shown here) reveal that, in a very narrow range of n, there is a FQHE at ν = 1/2 which is flanked on both sides, i.e., slightly higher and lower B ⊥ , by IPs [11] . Such a reentrant behavior is also seen in our tilted field data in Fig. 1 where the R xx trace at θ = 37
• shows IPs on both sides of a strong ν = 1/2 FQHE. The IPs surrounding the ν = 1/2 FQHE are likely to have interlayer correlations and are interpreted as pinned, bilayer Wigner crystal states [11, 12, 14] .
We made measurements in the 65-nm-wide QWs at numerous densities and summarize our data in Fig. 3 in a simple B vs density "phase diagram." At B = 0, the ground state is compressible for n < 1.4, FQHE for 1.4 < n < 2.1, and insulating for n slightly higher than 2.1; this is consistent with density-dependent studies [10, 11, 14, 18] . Tilting the sample causes the compressible states to turn into FQHE, and this happens at a higher B for lower n. If we tilt the sample further, the ν = 1/2 FQHE is eventually destroyed by an IP.
In order to understand our tilted field data and also to make a quantitative comparison to the B = 0 results, we consider two parameters that are often used to characterize the 2DESs in a wide QW at ν = 1/2: d/l B and α = ∆ SAS /(e 2 /4π l B ) [9-20, 24, 26-29] . The ratio d/l B , where d is the distance between the two peaks of the charge distribution (i.e., the "interlayer distance") and l B is the magnetic length for B ⊥ , is the ratio of the intralayer and interlayer Coulomb energies, e 2 /4π l B and e 2 /4π d. The parameter α is the ratio of the interlayer tunneling energy, quantified in B = 0 studies by the symmetric-antisymmetric subband gap ∆ SAS , to the intralayer Coulomb energy. In density-dependent studies of wide GaAs QWs, the ν = 1/2 FQHE is observed when 0.05 < ∼ α < ∼ 0.15 and 5 < ∼ d/l B < ∼ 8 [18] . To compare our results to such studies, we performed self-consistent calculations of the charge distributions and subband dispersions for a 65-nm-wide GaAs QW at B ⊥ = 0, both at zero and finite values of B in a large range of densities. The calculations at B = 0 directly provide tunneling energies (∆ SAS ) at a given density. For B > 0, however, simply taking the difference between the energies of the lowest two electric subbands does not give the interlayer tunneling because the vector potential A(z) due to B acts as an additional k -dependent confining potential so that a moderate B of a few Tesla completely depopulates the first excited electric subband. The bilayer-like charge distribution in real-space then corresponds to two local minima in reciprocal-space of the energy dispersion for the lowest electric subband [33] . To estimate the relevant, effective tunneling energy, we use the charge distribution calculations in the following manner [34, 35] . We first define a parameter β as the ratio of the height at the midpoint between the two peaks in the charge distribution to the height at the peaks; β is closely related to the interlayer tunneling. Next, we make a plot of β vs ∆ SAS for the B = 0 calculations in a large density range, and then use this plot to estimate the effective ∆ SAS for the charge distributions calculated at B > 0 by using their β values. In this procedure, we are effectively matching the charge distribution calculated at a given density and B to one calculated at B = 0 but at a higher density. In Fig. 4 top panel we present a phase diagram for our data from the 65-nm-wide QWs with axes α = ∆ SAS /(e 2 /4π l B ) and d/l B , where ∆ SAS used for the B = 0 data points are based on the procedure described in the preceding paragraph. The diagram shows the parameter ranges where we observe the three phases of the 2DES at ν = 1/2: compressible, FQHE, and insulating. To illustrate some details of the diagram, we have highlighted three points, A, B, and C, for which we show the calculated charge distributions in the lower panels of Fig.  4 . Case A is at low density (n = 1.0) with B = 0, has an essentially single-layer-like charge distribution, and is compressible at ν = 1/2. Case B is at higher density (n = 1.8), also with B = 0, has a more bilayer-like charge distribution, and exhibits a ν = 1/2 FQHE. The thin solid curve in the phase diagram going through the points A and B indicates how the 2DES evolves as n is increased at B = 0. Case C is at low density (n = 1.0) but has B = 8 T, and shows a FQHE at ν = 1/2. The curve connecting A and C goes through data points all taken at n = 1.0, and illustrates how the ground state evolves from compressible to FQHE to insulating as B is increased. Note that as we go from A to B, or A to C, the system becomes increasingly bilayer-like as density, or B , is increased.
In the phase diagram of Fig. 4 we mark, in blue, the region where the ν = 1/2 FQHE is observed in densitydependent studies which were conducted at B = 0 [18] . It is clear that the ν = 1/2 FQHE is observed at significantly smaller values of d/l B and α when B > 0 compared to the B = 0 case.
The difference in d/l B can be explained based on the softening of the intralayer Coulomb interaction because of the non-zero electron layer thickness λ which we define as the full-width-at-half-maximum of the charge distribution for each "layer" (see the lower left panel of Fig.  4) . Note that the Ψ 331 state is theoretically expected to be stable when the intralayer and interlayer Coulomb energies are comparable [24, 25] . For an ideal bilayer system (with zero layer thickness), the ratio d/l B accurately reflects the relative strengths of the intralayer and interlayer Coulomb interactions and the Ψ 331 FQHE at ν = 1/2 should be observable for d/l B ∼ 2 (note that l B is the magnetic length set by B ⊥ ). However, when λ is comparable to or larger than l B , the short-range component of the Coulomb interaction, which is responsible for the FQHE, softens [36, 37] . Associating the ν = 1/2 FQHE with the Ψ 331 state, it is thus not surprising that we see the FQHE in the presence of a high B at a smaller d/l B ( 3.5) compared to the B = 0 case (d/l B > 5, see Fig. 4 phase diagram) : B introduces additional confinement, so that for a given n, λ/l B is smaller at finite B . The short-range component of the intralayer interaction is stronger when B is large (e.g., λ/l B 1.8 for [18] . Lower panels: Self-consistently calculated charge distributions for the three cases marked A, B, and C in the phase diagram.
case C in Fig. 4 ) compared to the B = 0 situation (e.g., λ/l B 2.7 for case B in Fig. 4) ; therefore to ensure the proper intralayer to interlayer interaction ratio which favors the Ψ 331 state, a relatively stronger interlayer interaction (larger e 2 /4π d) is also needed, implying a smaller d/l B [10, 18] . In a sense, because of its smaller layer thickness, the 2DES in a wide GaAs QW at large B is closer to an ideal bilayer system. This is similar to the case of 2D holes (at B = 0) where the larger effective mass leads to a smaller layer thickness and the ν = 1/2 FQHE is observed for d/l B = 3.6 and λ/l B = 1.4 [20] .
Finally, we discuss another major difference between the evolutions of the ν = 1/2 state seen as a function of n or θ. In B = 0 experiments, the ground state at ν = 1/2 is compressible at very high densities, consistent with two uncorrelated layers each at ν = 1/4 [11] . In contrast, in B = 0 experiments at large values of θ, an IP dominates the ν = 1/2 region and even extends to higher fillings near 2/3, i.e., near 1/3 filling of each layer. One possible explanation is that, because d/l B is smaller at the highest B (compared to the highest n), interlayer interactions are preserved and the ground state is a pinned, bilayer Wigner crystal. We note that, in singlelayer 2DESs confined to very narrow GaAs QWs, IPs which are reentrant around ν = 1/3 instead of ν = 1/5 have been reported and interpreted as possible Wigner crystal states [38] although the role of disorder and interface roughness is unclear [39] . In our experiments, too, we cannot rule out the possibility that disorder is enhanced at high B because of the increase in the magnitude of the total magnetic field, or because the electron layers are pushed closer to the walls of the QW, similar to the case of 2DESs in narrow QWs.
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